We show that the position of a f luorescent nanoparticle can be measured in three dimensions with subnanometer precision and 100-ms temporal resolution by use of standard epif luorescence video imaging in off-focus mode. The particle can be tracked without feedback in a volume of at least 40 mm 3 60 mm 3 3 mm. With the technique presented, the structure -mobility relationship of 216-nm latex particle in a porous polymer network was studied in three dimensions.
Generally, it is required that the particle movement be followed in all three dimensions, because only complete position information ensures correct and unambiguous interpretation of the measured data (e.g., dynamics of a transport process). So far, such three-dimensional (3-D) high-precision f luorescent particle tracking has been achieved with specially designed epif luorescence microscopes, 6 4-Pi microscopes, 7 and total internal ref lection microscopes. 8 Despite these efforts, the precision is typically still in the range of tens of nanometers.
In this Letter we show that subnanometer-precision SPT can be achieved in 3-D by off-focus imaging of nanoparticles in a standard epif luorescence arrangement. At the expense of precision, particles can also be tracked over large axial distances without the need for sample scanning. The method presented here is practically illustrated in a study of the structuremobility relationship of a nanoparticle in a polymer network.
In a diffraction-limited wide-f ield imaging system with numerical aperture NA, the in-focus image of a pointlike object is a spot with a diameter of ϳ1.22l͞NA, where l is the imaging wavelength. With defocus, the spot diameter first increases, and then for larger displacements from the focus complex ring intensity patterns are formed 9 (see Fig. 1 ). The full 3-D pattern represents the point-spread function of the optical system and is determined mainly by the objective lens. 10 The distance of the object from the imaging focal plane (i.e., axial object position z) is then precisely encoded by the intensity pattern (number and diameter of rings, relative intensity of rings). Much effort has been put into calculating the point-spread function for various microscope arrangements. However, the exact calculation of ring patterns requires, in addition to a rigorous model, knowledge of parameters that are generally not accessible, such as the actual optical properties of the objective lens used. Thus a calculated point-spread function cannot currently serve as the reference basis for subnanometerprecision 3-D SPT, and the actual patterns at different axial positions of the object have to be determined experimentally.
In our experiments we used an epif luorescence setup based on a modified inverted microscope (Axiovert 35, Carl Zeiss) equipped with a high-NA objective lens (Plan Neof luar 1003; oil immersion; NA, 1.3; Carl Zeiss) and a mercury lamp for f luorescence excitation (HBO100, Carl Zeiss). Axial positioning of Fig. 1 . Images of a 216-nm f luorescent bead embedded in an agarose gel at different distances z from the focal plane (left). In all measurements, actual distances from the focal plane were corrected for refractive-index mismatch between the immersion oil (1.518) and the agarose (1.331). 11 Within the z range ͑0.5 mm, 3.5 mm͒, the radius r 0 of the outermost ring in the images scaled linearly with z (right). The bead was f ixed ϳ2 mm above the coverslip surface.
the imaging focus within the sample was achieved by movement of the objective lens with a piezoactuator (PiFoc P 721, Physik Instrumente), and lateral sample positioning was done with a two-axis piezo-driven stage (NPS-XY-100A, Queenstage Instruments; for details, see Ref. 12) . Sample images were recorded with a CCD camera (ORCA-ER, Hamamatsu) and transferred to a computer by use of a frame grabber board (PC Dig, Coreco). Series of images were analyzed off line with custom-written software integrated into IgorPro 4 (Wavemetrics).
To characterize the ring pattern as a function of the object's axial position z, we immobilized 216 6 8 nm orange f luorescent latex beads (Molecular Probes) in an agarose gel of concentration 1.3% and controlled the amount of defocus by moving the objective lens. Image sequences of beads located at different distances from the coverslip were acquired. A typical result of these experiments is shown in Fig. 1 . As the bead is moved away from the focus toward the objective lens (i.e., toward larger z), multiple rings gradually appear in the image, the first at approximately z 0.5 mm. We used radius r 0 of the outermost ring, which contained the major part of the total image intensity [94-75% for the z range (0.5 mm, 3.5 mm)], as a measure of the actual z position. Values of r 0 were extracted from the f its of a rotationally symmetric Gaussian function of the form f ͑r͒ exp͓2k͑r 2 r 0 ͒ 2 ͔ to the outermost ring. The lateral bead coordinates x, y were then determined from the position of the pattern center in the image. Within the studied z range ͑0.5 mm, 3.5 mm͒, r 0 scaled linearly with z (see Fig. 1 ).
To determine the precision of our particle-tracking algorithm, we modulated the position of an immobilized bead with square waves with peak-to-peak amplitudes of 2 nm in the x direction and 5 nm in the z direction, respectively. The average z position was set to ϳ1 mm. At this distance, the image contains a single ring with a sharp, well-def ined contour. Figure 2(a) shows a typical track of the bead's x position. Steps of 2 nm are clearly visible, and their amplitude is well above the position noise. To determine the error in the position measurement, we calculated the average standard deviation of the bead position during a half-period of the modulation wave when the modulation position was fixed. The resulting value of 0.8 nm was reproduced in independent experiments with beads immobilized at different distances from the coverslip. Figure 2(b) shows a typical track of the bead z position, with the 5-nm steps clearly visible. In this case, the average standard deviation was 0.9 nm. Therefore, the particle position can be measured on subnanometer scale along all three axes.
To investigate how the tracking precision depends on the bead's axial position, at each fixed z we took 20 images of an immobilized bead and calculated the standard deviations of the x, y, and z positions obtained from f its to these images (see Fig. 3 ). As expected, in the x and y directions, the standard deviations increase monotonically with increasing z. This is caused by spreading of the detected light over more CCD pixels, which is followed by the decrease of the maximum image intensity, I max . Consequently, the ratio of I max to the total detection noise decreases, which degrades the fit stability. 13 The algorithm does not provide any position information in the z direction below z 0.5 mm, because no rings are detectable. After the appearance of the f irst ring, the z standard deviation initially decreases as the ring contour sharpens. Subsequently, it reaches its minimum value and f inally follows the same trend as the x, y data. As implied by Fig. 3 , subnanometer precision can be achieved when we are working close to the optimal z position at z ϳ 1 mm, in agreement with Fig. 2 . However, even for z 3.5 mm, the precision is still better than 64 nm.
On the basis of data presented in Fig. 3 , it follows that a 216-nm f luorescent bead can be tracked over an axial range of 3 mm with nanometer precision, without adjusting the z position of the sample. Figure 4 illustrates the study of the hindered diffusion of such a bead in an agar gel network, as an example of the application of the 3-D SPT. The low agar concentration permitted bead movement. The 3-D distribution of accessible positions shows strong spatial constrains on the diffusion of the bead, caused by the agar f ilaments. Thus, this distribution provides information about the structure-mobility relationship. Due to a mechanical amplification effect, the unoccupied volumes resemble tubes with diameter given by the sum of the bead (216 nm) and agar filament diameters (see the inset of Fig. 4) . For a tube diameter of ϳ250 nm, the diameter of the agar filament that creates it is ϳ34 nm, which is in accordance with previously published data obtained by use of thermal noise imaging in an optical trap. 14 In conclusion, using a standard epif luorescence microscopy arrangement in an off-focus imaging mode, we have demonstrated the feasibility of 3-D tracking of nanometer-sized particles with subnanometer precision. This precision provides access to molecular dimensions, thus opening a wide range of applications in surface chemistry, polymer physics, colloidal physics, molecular biology, and cell biology. With slightly reduced performance, particles can be tracked over axial intervals of several micrometers without the need of adjusting the axial position. This tracking cannot be achieved with any other high-precision light microscopy technique (e.g., a total internal ref lection or a 4-Pi microscope). In our tracking scheme we used only a part of the information contained in a defocused particle image, i.e., the diameter of the outmost ring. By fully exploiting the image, we expect to achieve maximal precision of several tenths of nanometer along all three axes.
